Networking research benefits from the controlled, repeatable experimentation provided by simulation and emulation systems. Making such simulations realistic is a challenge for wireless systems and is especially difficult for vehicular networks. This paper introduces a realistic vehicular channel simulation model that includes a Line-Of-Sight (LOS ) module and Vehicle-to-Vehicle (V2V) fading module specially designed for vehicular channels.
INTRODUCTION
Radio channel properties are significant, variable, and difficult to estimate for vehicle-to-vehicle (V2V) and vehicle-toinfrastructure (V2I) wireless communication. Vehicles can travel through very different environments, producing distinctly different channels in e.g. urban centers, rural roads, and multi-lane highways. Even within a given area, the location and density of surrounding objects varies dramatically, leading to varying impact on reflected signals.
Despite -or even because of -these challenges, it is useful to model and simulate channels in vehicular networks in a controllable platform. Realistic vehicular channel models Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, to republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. provide a basis for analysis and evaluation of wireless vehicular networks by allowing flexible, controllable, repeatable experimentation. While general mobile-to-mobile channel models are currently supported in some wireless network simulation and emulation systems [1] [2] [3] , those models do not capture the unique and highly dynamic properties of vehicular channels.
The gap between vehicular channels and general mobileto-mobile channel models lies in: (a) highly variable blockage of Line-Of-Sight (LOS ); and (b) location-specific scatterer distribution and corresponding fading effects. The direct LOS path between two communicating vehicles exits when there is no other cars travel in between, and may be easily interrupted by lane merging of intervening vehicles. Current simulation platforms often overlook the impact and no direct models handle the LOS effects explicitly.
Fading effects, which are caused by scatterers (objects that reflect signals) in the environment, are location-specific in the vehicular network. Unlike general mobile-to-mobile wireless channel models, where scatterers are stationary objects and do not change over time, vehicular networks have a unique set of varying scatterers. These include road-side 'stationary' scatterers, such as trees and buildings, and moving vehicles as smaller 'mobile' scatterers.
Although road-side scatterers are stationary, their density and location do change over space as vehicles drive by. Therefore, 'stationary' scatterers create time-varying impacts on channel fading properties. Recent research [4] proposed a geometrical channel modeling of fading effects originated from 'stationary' road-side scatterers. While the model reflects V2V specific fading feature, it requires extra information on scatterer distribution along routes. Without accurate parameter values, modeling of fading effects is estimated, losing the accuracy targeted at any specific location. This paper presents our design of a realistic vehicular channel simulation model that captures the unique channel features in V2V communication. We will first introduce the general simulation architecture, and then focus specifically on accurate modeling of environment-specific vehicular channels. Using previous work on flexible channel emulation [3] , we were able to develop new channel components to represent unique vehicular channel properties addressed above:
• A V2V LOS simulation model that represents vehicleto-vehicle LOS blocking features.
• A flexible and realistic V2V fading simulation model that represents fading effects from stationary scatterers.
Meanwhile, we introduce our novel approach of estimating model parameter values from aerial maps. Road-side objects can thus be identified with high accuracy at any given location. Both channel frequency response and packet level performance are evaluated, and a trace-based study shows significantly improvement in parameter accuracy and channel modeling accuracy. Figure 1 shows our general architecture for wireless channel simulation and emulation. From top to down, it includes three major components: A world model, channel model control and channel model implementation, considering time scales from almost static to µs. Comparing to previous wireless simulation models, two major components have been added to capture unique vehicular channel features. A Geo-spatial model is introduced to model finegrained environmental variation, and a LOS channel model component is added to reflect V2V LOS blocking properties. One component, the channel fading model, has been significantly expanded and enhanced to capture the effects of small-scale spatial variation in vehicular networks. The following discussion will zoom in to the three major parts of the general architecture (from bottom to top), with special focus on modeling vehicle-to-vehicle channels. 
A REALISTIC V2V SIMULATION MODEL

Channel Model Implementation
We briefly describe the channel model implementation framework that we use as the starting for our realistic channel simulation. The framework operates at two levels.
Tapped Delay Line Model
At the bottom level, the channel response is modeled in the time domain using a tapped delay line model. Each tap effectively represents a resolvable propagation path, and the evolution of each tap (path) weight provides a statistical approximation of Doppler spreading and non-resolvable multipath effects. The delay between paths and their relative magnitude determines the frequency selectivity of the channel and the degree of inter-symbol interference experienced.
Run-time Adaptation
The second level must generate the time-varying tap (path) weights to reflect desired large-scale attenuation and smallscale fading characteristics. The rate at which these tap weights change and the patterns of those changes determine coherence time, the (simulated) Doppler spreading, and higher-order statistics such as the average fade duration. Viewed in the frequency domain, the important properties of a tap weight sequence are captured by the Doppler power spectral density (Doppler spectrum) it produces. We therefore describe tap weight generation process in terms of generation of the fading spectrum for each path. In order to support the dramatically varying tap fading spectra associated with a wide range of wireless channels, we use the architecture shown in Figure 2 to calculate each tap weight. The desired spectrum is defined as a weighted sum of simpler spectra (shown as Filtering Envelope), each representing a different type of scatterer or LOS (with similar delays that cannot be resolved).
A key feature of the model is that the parameters can capture a wide range of channel properties and can be modified at runtime, as signal propagation conditions change during an experiment. To reduce computational work at run time, fading tables can be generated off-line to represent predefined Doppler spectra, and adapted on-line using very lightweight operations. More details on the model can be found in [3] .
Channel Model Control in Vehicular Channels
We now introduce the vehicular channel model that we will use throughout the paper. The model is suitable for vehicle-to-vehicle communication in an urban/suburban environment, although the methodology we present in the next section is more general, i.e. it can be used for other vehicular models and outdoor environments as well. We chose this particular environment because there is growing interest in vehicular networking and it is also a challenging channel model because of the complexity of the environment, and rapid variation in channel conditions.
In typical urban/suburban vehicular networks, the two primary paths are line of sight (LOS) and reflections off buildings and possibly other objects (e.g. trees) lining the street. Since the differences in the two path lengths are rel-atively small, we only need to model a single resolvable path using two Doppler spectra, with one representing the contribution from LOS, and the other fading from reflections. Two types of fading in vehicular channels are modeled: (a) a geometry-based fading model for stationary scatterers; and (b) a fine grained fading model for mobile scatterers.
As shown in the Channel Model Control box in Figure 1 , our V2V channel model includes three major components: (a) a large-scale path loss model ; (b) a V2V LOS model ; and (c) a small-scale fading model that represents time-varying reflection and scattering effects. Doppler spectra created in (b) and (c) are then combined in the tapped delay line model, as shown in Figure 2 The Doppler spectrum for the LOS component is determined by the relative velocity of the transmitting and receiving vehicles. Whenever there is no obstruction of propagation path between two vehicles, this Doppler spectrum component is added into the overall channel response. Reflections from both roadside objects (which are stationary) and other vehicles (moving or stopped) contribute to the fading effects. We refer to these objects as stationary scatterers and mobile scatterers.
Recent study on v2v channel [4] proposes a new approach to model the small-scale fading effects from reflections off roadside objects. This fading model is a geometric model that uses location and density of roadside objects (buildings and trees) to estimate the reflections and their impact on fading, as shown in Figure 3 . The assumption of scatterer location (arranged along both sides of the road) in this model is a close approximation of the reality in vehicular networks, thus we adopt this model as an example of geometry-based fading models for stationary scatterers.
In this model, the roadside objects are divided into small cones by the AOA (Angle Of Arrival of the reflected path. The fading Doppler spectrum is then computed by aggregating frequency response from scatterers within each small cone. More details can be found in the paper [4] .
We do not attempt to specifically model the effects of mobile scatterers, primarily because we lack "ground truth" about other vehicles in our reference channel measurements, and it would be extremely difficult to validate our models. Rather, we argue that their effect is absorbed into our model of Doppler spectrum smoothness ( § 3.3). Modeling mobile scatterers is not the focus of this paper, but we acknowledge the important role of mobile scatterers in fading channels.
A Realistic V2V World Model
In the simulation architecture, the World Model is a coarse representation of the physical world properties, and a set of rules for translating this information into channel model parameters. Then, time-varying vehicular channels can be created in simulation with parameters inputs that represent desired channel properties.
Vehicular channel models (e.g. [4, 5] ) require significant information about the environment, much of it specific to the exact locations of the communicating devices. In examining V2V channel measurements, we find that not only the observed channel conditions vary significantly within the same general environment, but a model using area-averaged parameter values performs significantly worse than the same model with best-estimated location specific values (see § 5). It therefore does not suffice to have a good vehicular channel model -one must also have good knowledge of the environment, or sophisticated approach to generating synthetic environments in the V2V World Model -to derive realistic channel conditions. This requires accurate estimation of geometry-based model parameters that are location-specific, and difficult to obtain, especially for considerably wide areas in a vehicular network.
We'll address the details in the next section.
MODELS AND PARAMETERS
There are three major sub-models to the vehicular channel model, as described in § 2.2: The line of sight Doppler spectrum ( § 3.1), the geometry-based fading Doppler spectrum ( § 3.2), and the "de-smoothing" of the Doppler spectrum ( § 3.3). Each of these sub-models has controllable parameters that can be tuned to reflect the time-and locationspecific effects within an environment. Additionally, the magnitude of each model's contribution is an environmentspecific property which must be modeled ( § 3.4). Generally, channel model parameters can be divided into two major categories: physical world parameters that directly represent physical world features, and signal propagation abstraction parameters that capture some effect of the physical world without representing the details that give rise to it. Either type can in principle be treated either as specific values or statistical distributions. Several example parameters are listed in Table 1 . Next, the parameter set of each specific V2V channel model component will be discussed.
Line of Sight Doppler Spectrum
The V2V LOS model decides when there exists a LOS between transmitting vehicle and receiving vehicle, and add 
LOS Doppler Spectra
The Doppler effect on a line of sight signal between two (possibly) mobile stations is a simple frequency shift: If θ T x (θRx) is the angle between the transmitter's (receiver's) velocity vector v T x ( vRx) and the direction of wave propagation, the Doppler shift f d is given by:
The Doppler spectrum for this signal is an impulse at f d . Assuming the vehicles' positions and velocities are being explicitly modeled, the necessary parameters can be computed geometrically. 
Parameter Notation
Receiver position
PRx Transmitter position PTx Receiver velocity vRx Transmitter velocity vRx
LOS Existence Status
Whether a LOS path exists, between transmitting and receiving vehicles, determines whether a dominant frequency component (the LOS Doppler Spectrum) will be added in this path or not at run time.
Rather than modeling the exact LOS status which are less predicable, we studied its existence pattern statistically among channel measurement traces [6] . A trace is labeled as LOS-evident if: (a) there exists a frequency component with high power contributing in received signal; or (b) there exists very few other components that are comparable (detected as peaks). The intuition is that, only one LOS path may exist in any situation, and it should manifest as the only one dominating component if it exists. Figure 5 shows the pattern extracted from traces. The V2V LOS status can then be modeled using a twostate Markov model, with state-1 indicating there exists 
Geometry-based Fading Doppler Spectrum
The geometry-based fading Doppler spectrum describes the aggregate signal received by indirect paths reflected by objects in the environment. Here we consider the model described in [4] as an example. Fading effects from roadside scatterers are captured in this model, for two vehicles driving on a straight street, where scatters are road-side trees and buildings. The model's parameters are given in Table 3 . Other sophisticated v2v channel models such as [5] have very similar parameter sets.
Parameter Notation
Transmitter ( 
Finer Granularity Fading (Spectrum Desmoothing)
The geometry-based model describes an average or expected fading Doppler spectrum (envelope), based on the estimated density of scatterers. We refine this by estimating the properties of specific segments of roadway. In all of these cases, the regions over which such estimates are made are necessarily much larger than the size of an individual scattering feature, indicating that the modeled spectrum will be significantly smoothed relative to reality. The actual fading spectrum used in simulation is then filtered with a random variable, as suggested in [8] to approach actual randomness in scatterer density at a finer granularity.
We have developed models for (a) characterizing the nonsmoothness of observed Doppler spectra, and (b) reintroducing realistic variation in modeled scattering Doppler spec-tra. First, we analyzed the non-smoothness by detecting peak locations in measured Doppler spectrum. Since each peak represents strong reflections from scatterers, the spacing between peak locations indicates the spatial distribution pattern of scatterers along the road, and may include mobile scatterers as well. When calculating the channel response, a similar peak spacing pattern is used for filtering sequences, which represent the desired non-smoothness in particular environment. The filtering sequences essentially reallocate powers among different frequency shifts, and generate more realistic fading effects in traces. More accurate modeling of mobile scatterers is still a challenging problem yet to be explored. Figures 8b and 8c show the effects of simple Gaussian noise (b), and a physically-motivated energy coalescing process (c). Relevant parameters are shown in Table 4 . Note that these approaches model the observed effect at the signal level; we have not yet developed predictive models for this variation.
Model
Parameter Notation In this paper we do not attempt to explicitly model mobile scatterers, i.e. other vehicles on the road. Modeling of mobile scatterers is difficult due to lack of exact information of their high dynamics over space and time. As we do not have such data available, we settle for implicitly modeling mobile scatterers as part of the random "error" in the scattering Doppler spectrum.
Component Contributions
The Doppler spreading spectra for both the line of sight and scattered signals contribute to the received signal. While total received power is determined by large-scale path loss, the relative weight (power contribution) among each components need to be configured. The channel effects of each component -tap weight contributions in our realizationmust be scaled to represent the magnitude of the channel gain (loss) for each. The range of relative weight can be obtained from measurements in specific environment, and then be applied to simulation of similar scenarios.
For the LOS component, we model these magnitudes as (1) an absolute path loss magnitude, and (2) a relative lineof-sight magnitude. In this paper, we do not attempt to evaluate path loss models -we are using the same (measured) path loss value with both the modeled and measured fading processes in our evaluation. For fading components, we learned the relative power ratio for specific vehicular environments from trace study in [6] , and applied the same value in implementation and evaluation.
MODEL IMPLEMENTATION
The system described in § 2 is implemented as a new V2V channel model on the Wireless Network Emulator [7] . Two major modules were added, for V2V LOS and fading/scattering.
V2V Line of Sight Module
The LOS status model has two configurable parameters: 1) t NLOS : the average duration of NLOS period; and 2)p block : the probability of losing LOS. Another variable t LOS records the accumulated duration of LOS period, and determines p block accordingly: the longer a LOS period is, the higher p block should be.
For the configurable parameters in this model, we tried to find reasonable typical values representing studied suburban area from traces statistics.
As shown in Figure 5 , consecutive samples of LOS component appear as line segments, with gaps indicating NLOS periods. The value and range of t LOS and tNLOS are then determined by the average length of continuous LOS segments, and gaps in between.
Geometry-based Fading and Scatterer Estimation
As discussed in § 3, accuracy in density estimation is a critical set of parameters in the V2V fading model [4] . Instead of using default value suggested in that paper, we added a scatterer estimation module to better model roadside scatterers.
For the purposes of this paper, we consider two types of scatterer: trees and man-made structures. Some propagation studies have attempted to identify and model every specific object in the region of interest, but this is impractical at the scale of a meaningful vehicular network. We are therefore interested in approximations that can be applied to large areas, using existing publicly-available data, in an automated way.
We explored several alternatives, and were able to achieve the best accuracy by extracting relevant features from aerial photographs. While the availability and quality of imagery varies by region, 1 m x 1 m digital aerial orthophotography is available for most of the United States [9] . Using established spectral signature criteria [10] , the type of land cover in each pixel can be estimated. Figure 6 shows an example classification map generated for central Pittsburgh. The location and density of roadside scatters and road (lane) dimensions can be estimated from the land cover classification results, combined with explicit road information from U.S. Census data [11] .
The accuracy of mapping is limited by image quality and classification algorithms. However, this general approach proves effective in practice, and accuracy can be improved with better inputs. Although the processing time for a large area requires intensive computations, the whole process is only executed once for static objects.
For the area we are studying, the best aerial maps available are from National Agricultural Imagery Program [9] , The most recent photographs in this area are 4-band (RGB plus infrared), with an absolute position accuracy of ±6 m.
For any given road segment, the scatterer distribution model calculates roadside scatterer (building and trees) density. Considering the fact that locations of building and trees are stationary in general, the calculation is performed off-line for any given area of interest. At run time, exact scatterer density along the route (at given locations) can be obtained quickly by a simple table (map) lookup. Figure 7 shows sample roadside scatterer densities generated with a given route. Using these better-estimated parameters, fading models can generate more realistic location- 
EVALUATION
In this section, we show how the proposed realistic V2V channel model helps to improve realism in emulation. More specifically, the impact of accurate parameter estimation is examined in both physical layer propagation emulation, and end to end link layer packet delivery performance.
Doppler Spectrum Generation
The implemented channel model is able to construct and emulate V2V channel components including LOS existence, accurate fading effects from static roadside scatterers, in addition to path loss and simple mobile-to-stationary fading models. Figure 8a shows a reconstructed Doppler spectrum that includes the V2V fading envelope, as well as a LOS component. Compared with measured Doppler spectrum shown in Figure 8d , the fading envelope represents averaged scattering effects over space. Figure 8c shows the Doppler spectrum filtered with the realistic energy coalescing process, to represent finer granularity fading, as described in § 3.3.
Doppler Spectrum Similarity
In the first experiment, we compare the difference between simulated fading spectrum and measured spectrum in physical world. We first collect the exact geographic and mobility information in measurement study [6] , where 889 Doppler spectra (called M 1−889) are recorded with each representing a 1.5 s continuous-wave measurement trace. Using the geographic scatterer density estimates, we generated a corresponding simulated Doppler spectrum for each trace (E 1−889) using location-specific parameter estimates as described in §4.2. For comparison, an additional set of spectra (called D 1−889) are generated using averaged (estimated) parameter values for the entire region.
Now we compare D 1−889 and E1−889 against M1 − M 889 2 to show the closeness between simulated spectrum and measured spectrum.
The spectrum similarity is quantified using the KullbackLeibler divergence [12] , by normalizing each spectrum as a probability distribution: D i, Ei, and Mi, where i is 1 to 889. If frequency sample points are denoted as f j , the KullbackLeibler divergence of two spectra is then defined as:
and dKL(Di||Mi) is defined similarly. The Kullback-Leibler divergence value is lower if two distributions (spectra) are similar. The spectrum similarities d KL(Di||Mi) and dKL(Ei||Mi) along a measured route are shown in Figure 9 . Figure 10 shows empirical CDF(Cumulative Distribution function) of the spectrum divergence for the two estimation methods. The results show that dKL(Ei||Mi) value is significantly lower, which indicates the emulated fading spectrum is more accurate when location-specific parameter estimates are used.
Link Layer Comparison
Given the significant difference in emulated fading spectrum, we are interested in how the link layer performance would differ when the following channel propagation models are applied in emulation: E i and Di, as well as Mi as benchmarks.
The experiment is performed with two 802.11a nodes in ad-hoc (IBSS) mode, when these two nodes are isolated from the environment in emulation (both using 5.2 GHz channel). A simple broadcast ping flood from the source node is used as one-way test traffic, and received packets are captured with tcpdump on the target node. The measurement is repeated using all E i, Di, and Mi as fading spectra. Figure 11 shows the packet-delivery-ratio (pdr) measurement for an experiment lasting for 100 seconds. The distance between two mobiles (Tx and Rx ) varies as they travel along a predefined route, with different speeds and start times. The measured PDR varies significantly over time as the path loss and LOS change, but the results for the different spectra in any given time window are fairly close. We believe this is because that the large-scale path loss dominates the received signal strength, which in turn dominates the PDR results.
Further examination is needed to understand how different small-scale fading spectrum would impact packet reception rates, both on average and at smaller time scales, when the impact of large-scale path loss is similar. It is also anticipated that the path loss and LOS models can be refined using location-specific information, much as we have done with the small scale fading model. 
RELATED WORK
Research related to simulation of vehicle-to-vehicle channels includes channel characterization, channel modeling, and experimental platforms for v2v communication. Here is a brief overview of most relevant works.
Channel Characterization of V2V propagation has been performed in various environments [13] . Different aspects of channels properties have been investigated in measurementbased studies, e.g. narrowband Doppler shift [6] , wideband impulse response [14] and MIMO channels [15] . Other experiments explore LOS(and NLOS) effects in propagation channels [16] and shows significant impact on packet reception [17] in vehicular channels.
Channel Models have been proposed to represent corresponding propagation features, including multi-path(multitap) with path delay [15] , and fading models. Geometrybased fading models make assumptions of scatterer distribution pattern, such as a single ring [18] and a double ring [8] . Measurements [6, 14] show that fading effects in V2V channel have distinct features beyond what generalized mobileto-mobile fading models usually capture. Models with better assumptions on scatterer patterns have been developed, for both LOS [19] and fading effects [4, 5] . Finding accurate values for model parameters for any specific environment is a significant challenge with any of these models. V2V Experimental Platforms: General wireless network simulators [1, 2] target network-scale experiments, and provide limited support for v2v channel properties. Similarly, vehicular network simulators [20, 21] focus on modeling of (vehicular) traffic generation and mobility to improve realism, but do not significantly consider the radio channel implications. [22] shows that the realism in channel modeling plays a critical rule in achieving high approximation in simulation. Real-time emulation platforms [3] are also available for general wireless experiments, but were not designed specifically for v2v communications. Vehicular testbeds, such as The Connected Vehicle Test Bed [23] and [24] provide the most real environment for experiments, but less control and almost no repeatability are available.
CONCLUSION
In this paper, we focus on improving realism in V2V channel emulation and parameter accuracy. Two new emulation models are designed and implemented to represent realistic V2V LOS and roadside scattering features. High accuracy in model parameter estimation is achieved by utilizing aerial photos as well as trace-based study.
